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The aging of asphalt materials is considered an important factor contributing to the 
deterioration of asphalt concrete (AC) pavements. Asphalt binder aging is a combination of 
various complex mechanisms that affect its rheological properties causing AC to become stiffer 
and more brittle. As a result of aging, the resistance of AC pavements to various forms of 
cracking including fatigue, thermal, and/or block is reduced. Hence, AC aging presents 
challenges for preserving an adequate level of pavement serviceability. Therefore, it is critical to 
understand the effect of aging on AC pavement cracking development and identify the effect of 
AC mix design parameters on the aging rate.  
A wide range of AC mixes were investigated in this study using the Illinois Flexibility 
Index Test (I-FIT) after the specimens were subjected to various lab-simulated long-term aging 
conditions. The flexibility index (FI), an outcome of the I-FIT and a measure of the AC 
flexibility. decreases consistently after long-term aging. This effect is primarily due to changes in 
the post-peak slope, an indication of crack propagation speed. The impact of aging on various 
AC mixtures varies and results in different FI deductions because of the mix type and aging 
condition.  
Simple and multiple linear regression were used to analyze the impact of mix design 
parameters on AC aging rate. The effect of voids in mineral aggregate (VMA), low-temperature 
performance-grade (PG), asphalt binder replacement (ABR), AC mix type, water absorption of 
the aggregate blend, and effective asphalt binder content was found to be significant. Several 
aging levels were examined using a conventional oven and utilizing both compacted and loose 
AC mixes. The various aging levels were compared to the standard five-day aging at 85oC 
(5D/85C).  The study found that aging compacted I-FIT specimens at 3D/95C is practical and is 
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equivalent to that at 5D/85. Additionally, because the parameters impacting aging at 1D/95C and 
3D/95C are the same and have the same trend, 1D/95C may be used as an initial indicator for 
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CHAPTER 1: INTRODUCTION 
1.1 Background 
 
During the construction and service life of asphalt concrete (AC) pavement, several 
mechanisms affect AC characteristics, including aging. Asphalt binder, a viscoelastic component 
in AC, hardens within time because of a change in its molecular structure, which impacts its 
chemical and physical properties. Many interrelated factors affect the aging process, including 
oxygen, ultraviolet radiation, heat, moisture, and aggregate absorption. In addition, the design 
factors of AC material play an important role in the aging process. For example, Houston et al. 
(2005) reported that air void has a significant effect on field aging (1). Higher air void content 
creates more spaces for oxygen to interact with asphalt binder, which consequently enhances the 
rate of aging.  
Many studies have been conducted to better understand the mechanisms of AC aging. 
These studies investigated aging of bituminous material at nanoscale, asphalt mastic at 
microscale, AC mixture at mesoscopic scale, and the entire pavement at full-scale.  
Asphalt binder’s chemical composition is complex, mainly consisting of 80-88% carbon, 
8-12% hydro atoms, 0-9% Sulphur, and 0-2% nitrogen. Strategic Highway Research Program 
(SHRP) grouped the maltenes into four fractions: saturate, aromatic, resin, and asphaltene 
(SARA). Aging mechanism of asphalt binder includes volatilization, oxidation, and steric 
hardening. Molecular changes occur during volatilization and oxidation, while steric hardening 
resulted from molecular reorganization. Volatilization happens during AC production, storage, 
transporting, and construction stages; temperatures are normally over 150°C during these 
processes and the asphalt fractions begin to evaporate (2). Volatilization causes a loss of asphalt 
weight, which induces reduction of asphalt flow.  
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Oxidation of asphalt binder is produced by the reaction between organic components and 
oxygen in the air, as well as ultraviolet radiation. Initially, these reactions take place at the AC 
pavement surface. When cracks appear, oxidation can penetrate up to 15mm below the surface 
layer. Oxidation changes the SARA fractions. Researchers found that resin and aromatic 
fractions decrease and asphaltene fraction increases during oxidation, while saturate fraction 
remains almost the same (3,4). These changes increase the polar material in AC pavement, which 
ultimately cause fatigue cracking and/or thermal cracking (5).  
Steric hardening, or physical hardening, occurs at room temperature. It involves the 
reorganization of asphalt binder and mainly causes changes in asphaltene fraction (6). This 
process ensues within one day and is reversible. Steric hardening induces an increase in viscosity 
and slight volumetric contraction (7,8).  
 Studies have been conducted to simulate the aging of asphalt binder. Rolling Thin Film 
Oven (RTFO) test and the Pressure Aging Vessel (PAV) test are the most commonly used 
methods to simulate short-term and long-term asphalt binder aging, respectively (9,10).  
Because of its complexity, limited development has been reported on AC mixture’s 
aging. Through a SHRP study conducted in the late 1980s, Bell reported that “Compared to 
research on asphalt cement, there has been little research on the aging of asphalt mixtures, and, 
to date, there is no standard test. Pavement engineers understand the need to model the effects of 
short- and long-term aging of asphalt-aggregate mixtures in structural design procedures, and 
while some research has addressed this need, as yet no standard procedure has emerged to 
address it” (11). Forty years later, in 2017, Elwardany et al., stated that “Although a significant 
amount of effort has been placed on understanding the aging process of asphalt binder, less effort 
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has been put forth to develop laboratory aging procedures for producing aged mixture specimens 
for performance testing” (12).  
Aging of AC mixture can be divided into two regimes: short- and long-term. Short-term 
aging refers to aging that happens during production, storage, transporting, and construction; 
while long-term aging occurs during the service life of the pavement. Figure 1.1 presents these 
two regimes employing aging index defined as 𝜂 /𝜂 . 𝜂  and 𝜂  represent the viscosity before 
and after aging, respectively. 
 
Figure 1.1: Aging regimes of AC mixture (2) 
 
Aging methods can be categorized into three groups, based on the equipment used and 
aging factors considered. Group 1 uses a forced-draft oven and it can be grouped into two 
subsets: loose mixture aging and compacted specimen aging. Group 2 employs higher pressure 
using equipment such as pressure vessel. Moisture effect may be considering during aging. 
Group 3 uses UV aging devices to consider ultraviolet effect on AC mixture. Details are 
provided as below. 
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AASHTO R 30 is the current standard to simulate short- and long-term aging for AC 
mixture (13). For short-term aging, 25- to 50-mm thick loose AC mixture is placed in a tray and 
aged for four hours at 135°C in a forced-draft oven, which is common in AC mixture labs. The 
mixture should be stirred every hour to avoid aging gradient. As for long-term aging, short-term 
aged AC mixture is compacted to pill. Then, the pill is aged for five days at 85°C in a forced-
draft oven. However, this approach has a few drawbacks. Reed et al. (2010) reported that air void 
content and geometry change (14). Besides, NCHRP 9-23 report states that oxidation gradients 
have been found in long-term aged specimens in both vertical and radial directions (1). In 
addition, the lab aging time that corresponds to filed aging is still a challenge. 
A lab-aging temperature lower than 100°C is acceptable for two reasons. Disruption of 
polar molecular associations and sulfoxide decomposition become critical at temperatures above 
100°C. Asphalt mastic drain-down may occur at aging above 100°C.  
To accelerate oxidative aging, Bell et al. started using higher pressure equipment (15). 
However, the utilization of high pressure at high temperature could damage the specimen. Then, 
Bell et al. used another long-term aging protocol, low-pressure oxidative aging, 689.5 kPa at 
60°C or 85°C with continuous oxygen passing through (15). Airey et al. (2003) added moisture 
effect to PAV aging and reported that with moisture conditioning, indirect tensile stiffness 
modulus value decreased because of weakening adhesion between binder and aggregate (16). 
Similar results were reported by Ma et al.; suggesting that moisture may accelerate aging and 
negatively affect AC mixture’s performance (17). Although higher aging pressure can accelerate 
the laboratory-simulated aging process, it has some drawbacks. Compacted specimen integrity 




Another important factor affecting AC mixture’s aging is ultraviolet radiation. Since 
2008, researchers have been using UV systems to simulate field aging in the lab. Crucho et al. 
(2018) comprehensively discussed AC mixture’s aging using a UV system and a new aging 
method, TEAGE, is introduced (18). TEAGE aims to simulate local UVB and rain effects. For 
example, to simulate seven years of aging in Lisbon, Portugal, it will take 30 days using two 
24W UVB bulbs with the system as illustrated in Figure 1.2. Lisbon’s annual average solar 
radiation is 5.7 GJ/m2, annual UVB received by 1 m2 of pavement is 8.949 MJ, and an average of 
40 days with precipitation more than 5 mm in one year. Hence, specimens would be immersed 
for 11% of the TEAGE aging duration. 
 
Figure 1.2: TEAGE system (18) 
 
TEAGE results were validated with field data. TEAGE is believed to be an efficient 
aging method to simulate field conditions. However, it requires a relatively long aging duration 
compare to the aforementioned aging methods. 
In a recently completed 5-year NCHRP project 09-54, Kim et al. developed a procedure 
calibrated and validated with field data to simulate long-term aging of AC mixtures for 
performance testing and prediction (19). The study used loose AC mixture aging at 95°C in a 
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forced-draft oven and the aging durations can be chosen based on location, years of field aging 
and depth. An illustrative map is shown in Figure 1.3.  
 
Figure 1.3: Required aging days to match eight years of field aging at six mm below 
pavement surface (19) 
 
1.2 Problem Statement 
 
Although many studies have been conducted to better understand AC mixture’s aging, 
there is limited development in this area; including identifying aging device, duration, 
temperature, specimen’s geometry, and AC mix parameters affecting aging development. Hence, 
it is needed to develop an aging protocol that can simulate field aging. Besides, it’s necessary to 
find out the mix design parameters that have significant impacts on aging rate, thus, more aging 






1.3 Research Objective 
 
The goal of this study is to understand the impact of laboratory simulated aging on AC 
flexibility. This study has four main research objectives: 
 Develop a long-term aging protocol for AC mixtures using the Illinois Flexibility 
Index Test (I-FIT). 
 Determine the effect of long-term aging on AC cracking potential. 
 Understand the effects of temperature, time, and state of material on developed 
lab-simulated aging. 
 Statistically quantify the effects of mix design parameters on AC aging rate. 
1.4 Impact of the study 
 
This study provides a better understanding of the effect of long-term aging on AC 
cracking potential as well as the impact of temperature, time, and state of material on developed 
lab-simulated aging using the forced-draft oven.  
The long-term aging protocol developed in this study can integrate the I-FIT method into 
transportation agencies’ AC quality control (QC) and quality assurance (QA) processes. Also, 
engineers can have a better understanding of how the designed mixes will perform after years of 
service.  
The mix design parameters that have significant impact on AC aging rate were found out 






1.5 Thesis Organization 
 
This thesis has five chapters and they are organized as follows: 
Chapter 1 presents background on AC mixture aging, problem statement, and research 
objective and impact of the study. 
Chapter 2 provides information about the materials used in this study and the AC 
mixture’s aging methods. A brief introduction to the Illinois Flexibility Index Test (I-FIT) is also 
presented. 
Chapter 3 introduces I-FIT results for AC under various aging conditions using different 
aging methods. Changes in AC’s flexibility because of aging is discussed.  
Statistical analysis and significant of AC mix design parameters on AC aging are 
presented in Chapter 4.   
The study’s findings, conclusions as well as recommendations for future study are 




CHAPTER 2: MATERIALS AND METHODOLOGY 
2.1 Testing Materials 
 
Twelve plant-produced and five laboratory-designed AC surface mixtures were included 
in this study and are summarized in Table 2.1. The 12 plant AC mixtures were obtained from 
varying districts in Illinois with a combination of different N-designs, mixture type (coarse 
dense-graded [DG] or stone matrix asphalt [SMA]), binder type and content, aggregate 
mineralogy, and the amount of total recycled content. On the other hand, laboratory AC mixtures 
were designed to study the effect of binder sources on long-term aged. The lab AC mixes were 
composed of same-source aggregates and the asphalt content, 6.4%, in all AC mixtures. The lab 
mixes LM1 and LM2 had no recycled content while the mixes LM3/LM4/LM5 had 20% asphalt 
binder replacement (ABR). LM1 varied from LM2 in terms of binder source; similar for LM3, 
LM4, and LM5. 
Table 2.1: Mix Design Details for AC Mixes Used in The Study 
ID N 
Design 







PM1 70 9.5 15.2 5.9 64-22 20.7 DG 1.47 5.00 
PM2 90 9.5 15.1 6.2 70-22 9.2 DG 2.29 4.83 
PM3 90 9.5 15.2 6.2 70-22 9.6 DG 2.14 4.81 
PM5 70 9.5 15.5 6.1 58-28 20.3 DG 1.69 5.01 
PM6 70 9.5 15.7 6.2 64-28 7.9 DG 2.14 5.74 
PM7 80 9.5 16.4 6.4 70-28 30.2 SMA 0.85 5.65 
PM8 50 9.5 15.0 6.0 70-22 15.8 DG 1.83 4.79 
PM9 70 9.5 15.0 5.7 76-28 10.2 DG 1.15 4.76 
PM10 50 9.5 15.2 6.0 76-22 10.2 DG 2.04 4.85 
PM11 50 9.5 15.4 6.0 58-28 24.5 DG 1.86 4.94 
PM12 70 9.5 15.0 6.0 70-28 30.0 DG 1.69 4.74 
PM13 80 12.5 17.3 6.3 70-28 26.7 SMA 0.73 5.70 
LM1 70 9.5 15.2 6.4 64-22 0 DG 2.40 4.71 
LM2 70 9.5 15.2 6.4 64-22 0 DG 2.40 4.71 
LM3 70 9.5 15.2 6.4 58-28 20.0 DG 2.03 4.93 
LM4 70 9.5 15.2 6.4 58-28 20.0 DG 2.03 4.93 
LM5 70 9.5 15.2 6.4 58-28 20.0 DG 2.03 4.93 
aNMAS = Nominal Maximum Aggregate Size (mm) 
bVMA = Voids in Mineral Aggregate (%) 
cABR = Asphalt Binder Replacement (%) 
dAb = Aggregate Blend Water Absorption (%) 
ePbe= Effective Asphalt Content Defined by Mass (%) 
10 
 
All AC mixes excluding PM13 have a 9.5-mm nominal maximum aggregate size 
(NMAS). Aggregate gradations for each of these AC mixes are shown in Figure 2.1. All AC 
mixes excluding PM7 and PM13 are coarse dense-graded mixes and their gradations are close to 
each other, excluding PM12, which still meets the requirements of IDOT. PM7 and PM13 are 
(SMA) mixes with open aggregate gradation as shown in Figure 2.1. 
 
 
Figure 2.1: Aggregate gradations of AC mixes 
  
2.2 Illinois Flexibility Index Test (I-FIT) 
 
The Illinois Flexibility Index Test (I-FIT) was developed in 2015 at the Illinois Center for 
Transportation. This test becomes a popular asphalt mixture characterization test in the United 
States. It has been shown by several studies that it can successfully characterize the flexibility or 
brittleness of AC mixture and, subsequently, its cracking potential (20-22).   
The I-FIT is a three-point bending test on a notched semi-circular AC specimen. 
Superpave gyratory compactor (SGC) compacted asphalt mixture pill is trimmed and cut in half 
to create a semi-circular specimen. Afterward, a 15-mm notch is made in the middle of the semi-
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circular specimen’s flat side. Before the test is performed, air voids must be checked: specimens 
with target 7.0 ±0.5% air voids are considered adequate for the test. The test is carried out in 
load-line displacement control at a rate of 50 mm/min and a test temperature of 25°C in 
accordance with AASHTO TP 124 (23). Load and displacement data are recorded from the test 
and plotted along a load-displacement curve. From the curve, it is possible to obtain the 
parameters to compute the final FI. Figure 2.2 shows a typical load-displacement curve obtained 
from the I-FIT, along with some of the critical parameters calculated. 
 
Figure 2.2: Typical load-displacement curves obtained from I-FIT and critical 
parameters calculated (20) 
 
Two parameters are needed to calculate FI: fracture energy (J/m2) and post-peak load 
slope (kN/mm). Work of fracture should be calculated first to obtain the fracture energy and it is 
represented by the area under the load vs. displacement curve shown in Figure 2.2. This curve is 
divided into two curves in order to apply the numerical integration. The curve prior to the peak 
load can be fit into a polynomial function (Equation 2.1) and the curve after the peak load can be 
fit into an exponential-based function (Equation 2.2). 




where 𝑐 , 𝑐 , and 𝑐 are polynomial coefficients. 
𝑃 (𝑢) = ∑ 𝑑 𝑒
( )
         2.2 
 
where 𝑑 , 𝑒 , and 𝑓  are polynomial coefficients and n is the number of exponential terms.  
Then, work of fracture can be calculated based on Equation 2.3. 
𝑊 = ∫ 𝑃 (𝑢)𝑑𝑢 + ∫ 𝑃 (𝑢) 𝑑𝑢        2.3 
 
where 𝑢  is the cut-off displacement when load is 0.1 kN.  
Hence, fracture energy can be obtained using Equation 2.4. 
𝐺 = × 10           2.4 
 
where 𝐴𝑟𝑒𝑎 (𝑚𝑚 ) = 𝑙𝑖𝑔𝑎𝑚𝑒𝑛𝑡 𝑙𝑒𝑛𝑔𝑡ℎ × 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠. 
 
From Figure 2.2, the slope at inflation point represents the post-peak load slope. Having 
both fracture energy and slope at inflation point, FI can then be calculated using Equation 2.5. 
𝐹𝐼 =
| |
× 0.01          2.5 
 
As for the replicates of I-FIT, Ozer et al. (2017) suggested using six replicates in order to 
get more statistically stable results, which was employed in this study (24). 
2.3 Aging Methods 
2.3.1 Compacted Specimen Aging 
 
Specimen preparation of plant mixtures comprises of all the steps required to fabricate a 
final I-FIT specimen from loose mix material. The first step was to heat up the bag with the 
sampled material at a temperature of 135°C for 4 hours. The material was blended and split in 
accordance with AASHTO R 47 (25). The objective of splitting was to homogenize the sampled 
material and to prepare batches that contained the required amount of material necessary for 
compaction (7.0 to 8.0 kgs). The final material batches were poured into metal trays. Figure 2.3 
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shows an example of the splitting process and the final batched material to the exact weight of 
the compacted specimen.   
 
Figure 2.3: Material splitting and batched samples 
The next step was to subject the batched samples to a 2 hours conditioning cycle so that 
the material could reach its required compaction temperature. This process was done by using a 
forced-draft oven. To ensure that each sample was subjected to only 2 hours of heating before 
compaction, the trays were introduced into the oven with a 5-minute lag between each other. 
Figure 2.4 shows an example of this set-up. After 60 minutes of conditioning, the material in 
each tray was stirred to maintain uniform heating. 
 
Figure 2.4: Conditioning of batched samples before compaction 
After the 2-hour conditioning cycle, the material was ready for compaction. During the 
compaction process, the material of each tray was transferred to the compaction mold using a 
chute to avoid any mix segregation. After the compaction was completed, the material was left in 
14 
 
the mold for approximately 5 minutes before it was extruded. Once the pills were extruded, they 
were left at room temperature overnight and undisturbed, to allow proper cooling. The amount of 
mass used for the compaction of each mix was adjusted so that the air voids in the final semi-
circular specimens were in the range of 7% ± 0.5% for dense-graded mixes, and 6% ± 0.5% for 
SMA mixes. Figure 2.5 shows an example of extruded pills cooling overnight. 
 
Figure 2.5: Extruded SGC pills with 180 mm height 
The final step was to process the SGC pills to obtain the final specimen geometry using 
masonry saws. Two circular slices of 50-mm thick were cut from the center of the pills. The 
slices were later halved in half to obtain a semi-circular geometry. Finally, a central notch was 
cut at the base of each specimen. Figure 2.6 shows the different processing stages. 
 
Figure 2.6: From left to right: slicing, halving, and notching 
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Air voids calculation was performed on the final notched semi-circular specimens. Those 
specimens, compliant with the required air voids, were subjected to various long-term aging 
protocols included in the experimental plan. The procedure of preparing specimens for aging 
included organizing the selected specimens on aluminum foil upon metal trays and putting them 
in a forced-draft oven at the temperature and duration according to the aging cycle selected. 
Figure 2.7 shows an example of how the samples were set-up before being introduced to the 
oven. 
 
Figure 2.7: Trays containing specimens ready for aging process 
After the corresponding aging cycle was finished, the samples were taken from the oven 
and were left cooling for a minimum of 4 hours in front of a fan. Once the samples cooled down, 
measurements of thickness, notch length, and ligament were taken to ensure that they were 
within the limits specified by AASHTO TP 124 (23). Those specimens with the correct 
dimensions were conditioned in a water bath at 25°C for 2 hours, and then tested in accordance 
with AASHTO TP 124 (23). 
The preparation of lab mixes was similar to the above procedures. The only exception 
was that instead of heating and splitting the sampled bags, AC raw materials (binder and 
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aggregates) were first heated to the required mixing temperature, and then prepared as a loose 
AC mix using a mechanical stirrer. No 4-hour reheating cycle was needed for lab mixes. 
2.3.2 Loose Mixture Aging 
 
The same aforementioned procedures of sample splitting were followed to split plant 
samples into the batches with an exact weight of a sample for compaction. The next step was to 
subject the batched samples to aging condition required (example: 1-Day, 3-Day and 7-Day @ 
85°C, 95°C and likewise) as shown in Figure 2.4. After aging was complete, the material was put 
into a 2-hour conditioning cycle at 150°C so that the material could reach its required 
compaction temperature as well as aging extent was controlled. This process was done by using a 
forced-draft oven as specified by AASHTO R 30 (13). The same procedures were followed in 
preparing the final I-FIT specimen after the completion of aging and compaction. 
2.4 Aging Rate 
 
The aging rate is an important parameter that shows AC’s susceptibility to aging, which 
highly affects AC durability and long-term performance. Various AC mixes are expected to have 
different aging susceptibility; this study aims to identify the factors significantly affect AC’s 
aging rate.  
The FI for the unaged condition was referred to as FIunaged, while for the specific aging 
condition, it was referred to as FIaged. The effect of aging would result in a change in the FI and 
was quantified as aging rate. The Aging rate was calculated using Equation 2.6 and it was set up 
as the response variable (𝑦 ) of Equation 2.7. 




where 𝐹𝐼  and 𝐹𝐼  represent the mean FI of unaged specimens and aged specimens, 
respectively. 
2.5 Statistical Analysis Methodology 
 
Simple and multiple linear regression were used to quantitatively analyze the effect of 
various mix design parameters on the aging rate of AC mixtures under long-term lab-simulated 
aging. The regression model has the following general form: 
𝑦 = 𝛽 + 𝛽 𝑥 + 𝛽 𝑥 + ⋯ + 𝛽 𝑥 +∈                                                    Eq. 2.7 
 
where 𝑦  is the value of a continuous variable for observation 𝑖, and 𝑥 , 𝑥 , …,  𝑥  are the 
values of explanatory continuous variables. The term ∈  is the residual or error for individual 𝑖. 
𝛽 , 𝛽 , 𝛽 , …, 𝛽  are the regression coefficients and are generally estimated by least-squares 
(26). Normality assumption of residual terms must be satisfied to correctly perform the linear 




CHAPTER 3: ASPHALT CONCRETE LONG-TERM AGING 
CHARACTERIZATION USING I-FIT 
 
This chapter presents the I-FIT results obtained for specimens exposed to various aging 
levels.  
3.1 Outlier Determination 
 
The interquartile rule (IQR) was used first to determine the outliers of the results. The 
first quartile (Q1) represents one-quarter of the way through the list of the data and the third 
quartile (Q3) represents the third-quarter. IQR is determined as 𝑄 − 𝑄 . Any value that is out of 
the range of 𝑄 − 1.5 × 𝐼𝑄𝑅 and 𝑄 + 1.5 × 𝐼𝑄𝑅 is a potential outlier (27). Table 3.1 shows an 
example on how IQR rule was applied in this study. 
Table 3.1: Determination of Outliers 
Specimen ID Flexibility Index Outlier? IQR Variables 
3-2 9.64 No 
4-2 8.61 No Q1 7.75 
6-4 8.36 No Q2 9.38 
7-1 7.55 No IQR 1.63 
9-2 12.86 Yes 𝑸𝟏 − 𝟏. 𝟓 × 𝑰𝑸𝑹 5.31 
11-4 7.06 No 𝑸𝟑 + 𝟏. 𝟓 × 𝑰𝑸𝑹 11.82 
 
This method was applied to all results obtained and the outliers were removed from the 
dataset so that more statistically reliable results can be used for further analysis. 
3.2 Compacted Specimen Aging 
3.2.1 Overview 
 
Compacted specimen aging has received more attention than other methods in the past 
decades. The current standard to assess long-term aging for AC mixtures, AASHTO R 30, uses 
compacted specimen (13). This method is practical for performance tests since no additional 
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effort is needed during the aging period and operational variability is limited. However, 
specimen integrity (distortion and oxidation gradient) issues were reported (1,14). Distortion 
refers to the change in air void content and specimen’s dimensions after aging; additionally, 
oxidation gradient leads to inconsistency in specimen properties. These potential issues were 
investigated in this study and the results are presented as below. 
3.2.2 Specimen Integrity 
 
Due to different thermal expansion coefficients for binder and aggregate at aging 
temperatures and creep loading because of specimen’s own weight, integrity of the specimens 
can be compromised under prolonged exposure to high temperatures. Hence, air void content and 
dimensions may change after aging. This concern becomes more pronounced as specimen’s size 
is relatively large and/or temperature and aging period increase. Kim et al. (2018) suggested 
using relatively small specimens to control this drawback (15). Distortion was checked by 
comparing the specimen’s air void content and dimensions before and after aging.  
Two plant-produced AC mixtures (PM2 and PM3) and one lab-produced mix (LM1) 
were tested. The compacted specimens’ air void contents were measured before and after one, 
three, five, and seven days of aging at three temperatures: 75, 85, 95°C; results are presented in 




Figure 3.1: Air voids comparison before and after aging 
 
As seen in Figure 3.1, most of the data points lie on or near to the equity line, suggesting 
that air void changes before and after aging are limited. Also, various aging durations and 
temperatures didn’t show any specific trends, suggesting that these changes are random. 
Specimen’s dimensions, including thickness, ligament length, and notch length were measured 
before and after the aging process for selected aging protocols; 1D/95C, 3D/95C, and 5D/85C; 
results are shown in Figure 3.2. 
 
(a) 
Figure 3.2: Dimensions changes after aging: (a) 1D/95C; (b) 3D/95C; (c) 5D/85C 
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As shown in Figure 3.2, most of the specimens had a dimension change smaller than 0.3 
mm; the highest change was smaller than 0.5 mm. The changes were random and mainly resulted 
from operational variability. Hence, it is concluded that aging has a limited impact on I-FIT 
specimen’s geometric characteristics. However, aging gradient always exists, and small sized 
specimens can only reduce the impact instead of eliminating it. 
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3.2.3 I-FIT Results 
 
Results of I-FIT were calculated using load-displacement curves. Results were affected 
by laboratory-simulated aging conditions. Figure 3.3 presents typical load-displacement curves 
with respect to aging temperature for PM2. Each aging temperature consists of four aging 
periods: 1-day, 3-day, 5-day and 7-day. Only one representative curve is shown for each aging 
temperature and time combination. 
 
(a)   
Figure 3.3: Loading vs. displacement curves of unaged and aged specimens with 
























It was observed that the peak load and pre-peak slope (representing stiffness prior to 
cracking) significantly increased with aging. The post-peak slopes (m) for unaged and aged 
specimens were different. The post-peak slope, which represents crack growth rate, was 
consistently steeper with aging indicating increase and crack growth because on materials 
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increase in brittleness. The 7D/95C aged specimens had the largest slope and unaged specimens 
had the smallest slope. On the other hand, higher aging temperature and longer aging time 
generally resulted in increased peak load, and pre-peak and post-peak slopes. In addition, 
because the applied displacement rate is constant, results suggest that specimens aged for 
7D/95C required shortest time to reach peak load, while unaged specimens required the longest.  
Fracture energy, slope, and FI were calculated for each AC mix at various aging 






























As shown in Figure 3.4, the post-peak slopes (m), in general, increased with aging. 
However, there is no trend between fracture energy (FE) and aging; FE shows a drop if AC 
experienced more severe aging. As shown in Figure 3.4, FI decreased with aging for all AC 
mixes under all aging conditions excluding PM7 (SMA) under 16H/95C, 1D/95C, 16H/110C and 
1D/110C. It is obvious that AC a lower FI because of increased aging (increased in temperature 
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and/or aging period). FI decay with aging was convex function and became flattered when aging 
time increased; especially after five days of aging. However, the aging rate effect is a function of 
AC mixture design and constituents. AC mix design and composition effect on aging rate is 
discussed in Chapter 4. 
Binder source plays an important role in aging development. LM1 and LM2 have the 
same mix design; but having different binder source. LM2 shows a higher FI under all aging 
conditions than LM1. Similarly, LM3, LM4 and LM5 have different binder source, although all 
have the same mix design. This effect on FI could be because of the variation in binder chemical 
compositions and/or refinery process. In addition, each mix has a different “true” PG: LM1 and 
LM2 have PG 68.9-21.6 and PG 66.7-22.3; while LM3, LM4 and LM5 have PG 60.4-29.6, PG 
59.3-28.3 and PG 60.7-28.7, respectively. 
In general, FI was able to capture the impact of various aging conditions. The major 
cause of the FI reduction is the increase of the post-peak slope (m), suggesting that aging plays a 
major role in AC cracking potential. The decay in FI, at a varying degree, for various AC 
mixtures, is a reflection of the AC mixture resistance to crack propagation.  
3.3 Loose Mix Aging 
3.3.1 Overview 
 
Aging of loose AC mixture, using force-draft oven, has received less attention since 
AASHTO R 30 was recognized as the standard method in United States. However, several 
studies including the recently completed NCHRP 9-54 project recommended using loose 
samples to simulate the aging of asphalt pavements for the following reasons (15, 28-30): Firstly, 
distortion is not a concern of loose mix aging since the specimens are compacted after the aging 
process. Secondly, aging gradient can be better controlled with stirring involved. Thirdly, loose 
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mix aging is believed to accelerate the aging because of larger surface area of binder film 
exposed to air.  
However, the drawbacks of loose mix aging are obvious: The binder becomes stiffer after 
aging, and in consequence, compaction becomes more difficult. More efforts by the gyratory 
compactor induces additional variability to the final performance tests’ results. Secondly, loose 
mix aging contains more operation variabilities than compacted specimen aging. Different 
material container size and different stirring intervals can significantly affect the aging extent. 
In summary, long-term aging protocol of compacted specimen may be more proper for 
AC performance tests, especially when specimen integrity is not a concern. Loose mix aging 
may be more proper for research purposes when high level of quality control is feasible. Hence, 
in this study, loose mix aging was just implemented for PM1, PM2, PM3, PM5, PM6 and LM1 
to investigate the effect of AC aging on loose specimens compared to that on aged compacted 
specimens.  
3.3.2 I-FIT Results 
 
Figure 3.5 presents typical load-displacement curves with respect to aging temperature 
for PM2. Each aging temperature consists of four aging periods: 16-hr, 1-day, 3-day, and 7-day. 








Figure 3.5: Loading vs. displacement curves of unaged and aged specimens with 

















Peak load, pre-peak slope (representing stiffness prior to cracking) and post-peak slope 
(representing crack growth rate) showed consistent increase after aging. In addition, the extent of 
increase of these three parameters rises with higher aging temperature and longer aging time. 
Interestingly, the curves of 16-hr/75C and 1D/95C aged specimens are highly overlapped, 
suggesting that eight hours difference in aging time at relatively low aging temperature (75°C) 
may not have a significant impact. Given that the applied displacement rate is constant, it was 
evident that 7D/95C aged specimens needed the shortest time to reach the peak loads and unaged 
specimens needed the longest time.  
Fracture energy, slope, and FI were calculated for tested AC mixes at various aging 








Figure 3.6: I-FIT results for tested AC mixes 
 
Similar to the data presented in Figure 3.5, the post-peak slopes, which represent crack 
growth rate became steeper after aging as shown in Figure 3.6. Higher aging temperature and 
longer aging time generally induced larger post-peak slopes; exceptions were noted at 75°C for 
16-hr and 1-day aging. In general, post-peak slope was positively and linearly correlated to aging 
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time. On the other hand, no consistent trend could be observed for AC FE; although it dropped at 
severer aging. 
As shown in Figure 3.6, FI decreased with aging for all AC mixes under all aging 
conditions, except PM6 at 16H/95C. It is evident that AC showed lower FI as aging temperature 
and aging time increased; the exception was at 75°C for 16-hr and 1-day aging. Again, FI decay 
within aging was convex function and became flattered when aging time increased. The 7D/85C 
and 7D/95C typically resulted in a very low FI, less than 1; suggesting that such long-time aging 
could be detrimental.  
Overall, aging loose AC mix resulted in similar FI trends as compacted specimen aging. 
Although aged loose AC mix can accelerate the aging process, compared to compacted specimen 
aging, especially at high temperature and long aging time, however, it was evident that loose 
mixes had more variability. A detailed comparison between aging compacted specimens and 
loose samples is presented in section 3.4.  
3.4 Comparison of Aging Methods 
 
Forced-draft oven, high-pressure oven (e.g., pressure aging vessel [PAV]), and UV 
device, which incorporate ultraviolet radiation to simulate solar radiation effect, are the three 
equipment used to simulate AC long-term aging. Forced-draft oven is the most used device 
because of its availability, accessibility, flexibility, and capacity. However, researchers generally 
debate the use of compacted or loose samples in forced-draft oven. Aging both compacted 
specimens and loose samples were investigated in this study for selected plant and lab mixes. 
Mixes PM1, PM2, PM3, PM5, PM6 and LM1 were investigated and Figure 3.7 presents I-FIT 











Figure 3.7: I-FIT results for aged compacted specimen and loose samples: (a) PM1; 

















As shown in Figure 3.7, aged loose AC mix typically resulted in steeper post-peak slopes 
than those for aged compacted specimens, suggesting a greater crack growth rate. These 
differences became greater as aging increased. For aged loose AC mix, as aging increased, FE is 
reduced.   
The aged loose samples resulted in lower FI than compacted specimens for the same AC 
mixes under the same aging conditions; suggesting aging can be accelerated when used on loose 
samples. The effect of post-peak slope was more prominent in causing that effect. However, this 
effect is AC material dependent. Table 3.2 lists the pros and cons of using aged compacted 
specimens and aged loose samples with respect to I-FIT. 




Pros • High practicability 
• Limited operation variability 
Cons • Aging gradient exists 
Loose Mix Aging Pros • Higher aging rate 
• Limited aging gradient 
• Specimen integrity is not a concern 
Cons • Limited practicability 
• High operation variability 
• Difficulty in compaction induces different compaction 
effort 
 
Based on the results of the evaluation of aging, using the forced-draft oven, both 
compacted specimen and loose samples, this study concluded that compacted specimen is proper 




CHAPTER 4: EFFECT OF MIX DESIGN PARAMETERS ON ASPHALT 
CONCRETE AGING RATE 
 
Linear regression was implemented to explore the effects of mix design parameters on 
the aging rate of AC mixtures. The considered mix design parameters include, N-design value, 
voids in mineral aggregate (VMA, %), asphalt content (AC, %), asphalt binder high temperature 
PG grade, low temperature PG grade, asphalt binder replacement (ABR), mix type (SMA or 
dense-graded), aggregate blend water absorption (Ab), and effective asphalt content by mass 
(Pbe).  
4.1 Additional Data 
 
Additional 5D/85C I-FIT specimen aging results provided by IDOT were included in the 
statistical analysis. Twelve AC mixes named as Illinois Plant Mixture (ILPM), from different 
districts, were tested. Table 4.1 presents the AC mix design details and Table 4.2 shows the aged 
specimens I-FIT results.  
Table 4.1: Mix Design Details of IDOT Mixes 
ID N 
Design 







ILPM1 50 9.5 15.4 6.2 58-28 23.4 DG 1.80 4.96 
ILPM2 50 9.5 15.0 6.1 58-28 24.2 DG 1.95 4.77 
ILPM3 50 19.0 13.9 5.0 64-22 13.8 DG 1.59 4.30 
ILPM4 80 9.5 17.5 6.1 70-28 29.5 SMA 1.34 5.35 
ILPM5 50 9.5 15.1 5.7 64-22 9.9 DG 1.60 4.92 
ILPM6 50 9.5 15.3 5.3 76-22 10.0 DG 1.20 4.61 
ILPM7 70 9.5 15.8 6.0 58-28 30.0 DG 1.31 5.25 
ILPM8 50 9.5 15.1 6.1 58-28 25.8 DG 1.63 4.86 
ILPM9 70 9.5 15.6 6.1 64-22 15.8 DG 1.98 5.03 
ILPM10 70 9.5 15.2 6.5 58-28 16.8 DG 2.06 4.86 
ILPM11 70 9.5 15.6 6.1 58-28 23.8 DG 1.85 5.05 
ILPM12 90 9.5 15.4 6.1 64-22 19.5 DG 1.44 5.20 
aNMAS = Nominal Maximum Aggregate Size (mm) 
bVMA = Voids in Mineral Aggregate (%) 
cABR = Asphalt Binder Replacement (%) 
dAb = Aggregate Blend Water Absorption (%) 




Table 4.2: I-FIT Results of IDOT Mixes 
ID Original FI 5D/85C Aged FI Aging Rate (%) 
ILPM1 8.43 4.49 46.7 
ILPM2 14.62 7.74 47.1 
ILPM3 9.54 2.37 75.2 
ILPM4 10.33 6.64 35.7 
ILPM5 18.45 9.01 51.2 
ILPM6 21.57 9.21 57.3 
ILPM7 15.94 10.43 34.6 
ILPM8 11.49 8.42 26.7 
ILPM9 12.18 4.67 61.7 
ILPM10 8.48 4.75 44.0 
ILPM11 22.61 15.14 33.0 
ILPM12 4.92 1.51 69.3 
 
4.2 Linear Regression Analysis Results 
 
Simple linear regression was conducted first on each of those parameters individually to 
evaluate the effect of each of them on the aging rate. The residuals normality assumption was 
validated using a residual-quantile plot (Figure 4.1).  
 
Figure 4.1: Residual-quantile plot 
 
The results for 1D/95C and 5D/85C aging are shown in Table 4.3. A p-value smaller than 
0.1 indicates that the specific term is significantly affecting the aging rate. β stands for parameter 
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estimate, which implies the aging rate change when a 1-unit increase in the specific term. The 
lower and upper limits for parameter estimates, using a 90% confidence interval, are also helpful 
for identifying the significant terms qualitatively and quantitatively. If the 90% confidence 
interval includes 0, the specific term will be concluded as insignificant. 
Table 4.3: Linear Regression Analysis Results for 1D/95C and 5D/85C Aging 
1D/95C 
 N Design VMA AC % High Grade Low Grade ABR Typea Abb Pbe 
p-value 0.558 0.010 0.656 0.464 0.001 0.072 0.006 0.011 0.006 
𝜷 -0.265 -20.752 -10.919 -0.616 -4.815 -0.969 -39.192 24.208 -37.377 
90% CI Lower -1.039 -33.114 -53.027 -2.051 -6.901 -1.846 -60.402 9.498 -57.934 
90% CI Upper 0.509 -8.391 31.190 0.819 -2.729 -0.093 -17.982 38.918 -16.819 
5D/85C 
p-value 0.264 0.015 0.558 0.409 0.0002 0.001 0.054 0.013 0.028 
𝜷 0.226 -9.109 -4.796 0.356 -3.035 -0.939 -16.126 14.853 -17.624 
90% CI Lower -0.112 -15.081 -18.586 -0.367 -4.205 -1.367 -29.778 5.345 -30.574 
90% CI Upper 0.564 -3.138 8.994 1.079 -1.864 -0.511 -2.475 24.360 -4.675 
aType: stone matrix asphalt (SMA) and dense graded (DG) were coded as 1 and 0, respectively, since linear 
regression does not accept a categorical variable. 
 
As shown in Table 4.3, VMA, low-temperature PG grade, ABR, mix type, aggregate 
blend water absorption, and effective asphalt content (Pbe) are the significant parameters 
affecting the aging rate for both 1D/95C and 5D/85C at a significance level of 0.1; details are 
discussed in Section 4.3. 
When all the non-highly correlated significant parameters are considered predictors into a 
multiple regression model, and aging rate at 1D/95C is the response variable, the final model is 
significant because its p-value is 0.005. It captures 79.44% of the variance of the aging rate for 
all tested AC mixes tested. When all non-highly correlated significant parameters are considered 
predictors into a multiple regression model, and aging rate at 5D/85C is the response variable, 
the final model is significant because its p-value is 0.006. It captures 54.66% of the variance of 
the aging rate for all tested AC mixes. The regression model is shown by Equation 2.7 and has 
acceptable goodness-of-fit in this case. 
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4.3 Linear Regression Analysis Discussion 
4.3.1 Effect of Low-Temperature PG Grade 
 
If low-temperature PG grade decreases by 1, the aging rate will decrease by 4.81% and 
3.04% for 1D/95C and 5D/85C, respectively. This suggests that a softer binder does not only 
increase AC flexibility, but also enhances its ability to resist long-term aging in the field. Hence, 
more likely to increase flexible pavement serviceability. 
4.3.2 Effect of Asphalt Binder Replacement (ABR) 
 
For 1D/95C and 5D/85C, if ABR increases by 1%, the aging rate will decrease 0.97% 
and 0.94%, respectively. Higher ABR means more aged asphalt binder, which is less likely to be 
aged further compared to virgin binder. Hence, aging rate decreases as ABR increases. Although 
adding more recycled materials may lower the aging rate, but it will generally result in low 
flexibility. 
4.3.3 Effect of Mix Type 
 
Stone matrix asphalt shows a significantly lower aging rate than dense-graded AC mixes 
for both 1D/95C and 5D/85C and there might be two plausible reasons. First, SMA always has 
higher asphalt content. Second, SMA uses high-quality aggregate with less absorption, which 
induces higher effective asphalt content. However, because limited SMAs were tested in this 
study, no firm conclusion is made based on the statistical results. As additional SMA mixes are 
considered in the testing matrix, a more reliable statistical analysis can be performed. 
4.3.4 Impact of Effective Asphalt Content (Pbe) 
 
For 1D/95C and 5D/85C, if Pbe increases by 1%, the aging rate will decrease by 37.38% 
and 17.62%, respectively. Higher effective asphalt content means thicker binder film. Hence, it is 
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difficult for the binder film to be thoroughly aged. In addition, it can be noticed that effective 
asphalt content has less impact on the aging rate when AC experiences more aging. 
4.3.5 Effect of Aggregate Blend Water Absorption 
 
If aggregate blend water absorption increases by 1%, the aging rate will increase by 
24.21% and 14.85% for 1D/95C and 5D/85C, respectively. Higher water absorption suggests 
greater asphalt binder absorption, which induces less effective asphalt content. Thus, higher 
aging rate can be expected. 
4.3.6 Effect of Voids in Mineral Aggregate (VMA) 
 
For 1D/95C and 5D/85C, if the VMA increases by 1%, the aging rate will have a 
decrease of 20.75% and 9.11%, respectively. As shown in Figure 4.2, the VMA is positively 
self-correlated to effective asphalt content (Pbe), which implies that the impact on aging rate 
because of effective asphalt content rather than VMA. 
 







In summary, as presented in Table 4.4, VMA, low-temperature PG grade, ABR, mix 
type, aggregate blend water absorption, and effective asphalt content (Pbe) are the mix design 
parameters affecting the aging rate for both 1D/95C and 5D/85C. 
Table 4.4: Summary of Mix Design Parameters’ Effect on Aging Rate 
Mix Design Parameters Trendb Aging Ratec Trend Aging Rate 
1D/95C 5D/85C 
VMA Decrease 20.75% Decrease 9.11% 
Low-Temperature PG Grade Increase 4.81% Increase 3.04% 
ABR Decrease 0.97% Decrease 0.94% 
Mix Typea Decrease 39.19% Decrease 16.13% 
Ab Decrease 24.21% Decrease 14.85% 
Pbe Decrease 37.38% Decrease 17.62% 
aType: stone matrix asphalt (SMA) and dense graded (DG) were coded as 1 and 0, respectively since linear 
regression does accept a categorical variable. 
bTrend: aging rate increases or decreases when the specific mix design parameter increases. 
cAging Rate: change of aging rate (%) when the specific mix design parameter increases by one unit. 
 
As shown in Table 4.4, the significant AC mix design parameters and the trends of aging 
rate are the same for 1D/95C and 5D/85C. 1D/95C was found to be better than 5D/85 in 
distinguishing between different AC mixes. Although 1D/95C may not cause the same aging 
level as that caused by 5D/85C, it can be used as a predictor of AC long-term aging. This would 
help engineers detecting problematic AC mixes at an earlier stage. Hence, 1D/95C may be 
applied as a reasonable and practical alternative long-term aging protocol for I-FIT.   
Table 4.4 also suggests that an AC mix may be designed to resistant aging. One way is to 
increase the effective binder content. To achieve that, using aggregates with less water 
absorption are preferable. Using a softer binder that has lower low-temperature PG grade is also 




CHAPTER 5: SUMMARY, FINDINGS, AND CONCLUSIONS 
5.1 Summary 
 
Aging is considered an important factor contributing to the deterioration of flexible 
pavements. Asphalt binder aging is a combination of various complex mechanisms that affect the 
binder’s rheological properties causing an increase in asphalt concrete (AC) stiffness and 
brittleness. As a result of aging, the resistance of AC pavements to various forms of cracking, 
including fatigue, thermal, or block is reduced. Hence, AC aging presents a challenge for 
preserving an adequate level of pavement serviceability. Therefore, it is critical to understand the 
effect of aging on AC pavement cracking development and identify the effect of AC mix design 
parameters on the aging rate.  
A wide range of AC surface mixes were investigated in this study using the Illinois 
Flexibility Index Test (I-FIT) after the specimens were subjected to various lab-simulated aging 
conditions. This study recommended the use of a forced-draft oven as the aging equipment 
because of its availability, feasibility, practicability, capacity, and acceptable variability. A 
compacted semi-circular I-FIT specimen was chosen as the state of material during aging 
because it is practical, has limited operational variability, and maintains its integrity during 
aging. The aging of compacted specimens for 3 days at 95°C was found to be similar to aging for 
5 days at 85°C, which is believed to be able to simulate up to 10 years of field aging. Hence, the 
3D/95C aging method was chosen as the key component of the long-term aging protocol for I-
FIT. 
The effects of mix design parameters on aging rate were analyzed using statistical 
methods. Single and multiple linear regression techniques were implemented to identify the 
significant AC mix design parameters affecting the aging rate. The effect of voids in mineral 
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aggregate (VMA), low-temperature PG grade, asphalt binder replacement (ABR), mix type, 
aggregate blend water absorption, and effective asphalt content were found to be significant. The 
impacts of these parameters were estimated using regression models. It was shown that the 
trends of aging after 1D/95C was similar to that observed after 3D/95C and 5D/85C. Hence, 
1D/95C can be used as an alternate for 3D/95C in some scenarios to shorten the time needed for 
the quality control process. 
5.2 Findings 
 
The following findings can be drawn from this study: 
 The Illinois Flexibility Index Test (I-FIT) is a valid and effective approach to 
capture the aging effect on AC mixtures. 
 The forced-draft oven has been identified as the most suitable aging equipment 
because of its availability, feasibility, practicability, capacity, and acceptable 
variability among ovens. 
 Aging loose AC mix is faster than using I-FIT specimens especially at high 
temperature and long aging time. However, aging loose mix introduces 
uncontrolled operation variability. 
 The I-FIT specimen has been chosen as the state of material during aging due to 
its high practicability, limited operational variability, and ability to maintain its 
integrity during aging. 
 95°C is the optimal set-up temperature for the forced-draft oven considering both 
efficiency and keeping the aging mechanism. 
 A 3-day at 95°C aging is similar to aging for five days at 85°C, which is believed 
to simulate up to 10 years of field aging. 
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 The decrease of the Flexibility Index (FI) after aging mainly results from a 
significant increase of the post-peak load slope (m), which suggests that a mixture 
flexibility is reduced and its potential cracking is increased.  
 Binder source can significantly affect the I-FIT results for both unaged and aged 
conditions. 
 The impact of aging is mix dependent. However, aging generally reduces FI 
value. VMA, low-temperature PG grade, mix type, aggregate blend water 
absorption, and effective asphalt content have statistically significant impacts on 
the aging rate of AC mixtures. 
 The increase of effective asphalt content and/or VMA, and/or a decrease in low-
temperature PG grade and/or aggregate blend water absorption result in a 
reduction in AC aging rate. 
 Stone mastic asphalt shows a significantly lower aging rate than dense-graded 
mixes. 
 1D/95C can be a reasonable and practical alternate long-term aging protocol for 
the I-FIT. 
 Using aggregate with less water absorption is the most effective way to increase 
AC’s resistance to aging. 
 Binder with lower low-temperature PG grade is preferable for use when designing 
highly aging-resistant AC mixtures. 
5.3 Conclusions 
  
The following conclusions can be made: 
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 For long-term aging, it is recommended to age I-FIT specimens in a forced-draft 
oven at 95°C. The 3D/95C aging method was selected as the key component of 
the long-term aging protocol. 
 The 1D/95C aging method can be used by contractors to screen problematic 
mixes and adjust mix designs at an earlier stage. 
 Using aggregate with less water absorption and binder with lower low-
temperature PG grade are the most efficient methods to design more aging 
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APPENDIX A: MIX DESIGN SHEETS 
 
Details for each plant asphalt mixture tested in this study are presented in job mix 
formulas provided by contractors, organized as following order. 
Table A.1: PM1 
Table A.2: PM2 
Table A.3: PM3 
Table A.4: PM5 
Table A.5: PM6 
Table A.6: PM7 (SMA) 
Table A.7: PM8 
Table A.8: PM9 
Table A.9: PM10 
Table A.10: PM11 
Table A.11: PM12 
Table A.12: PM13 (SMA)
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Table A.7: PM8 
 
Plant Bin # #7 #6 #5 #4 #3 #2 #1 MF FRAP #4 FRAP #3 RAS #2 FRAP #1 ASPHALT
Size 032CM16 039FM20 037FM01 004MF01 017CM13 10127
Source ( PROD # )
( NAME )
( LOC )
( ADD. INFO ) Plant -1/2 PG 64-22
0.0 0.0 0.0 5.3 < AB in RAP
Aggregate Blend: Plan PG Grade > PG 64-22
0.0 0.0 54.0 0.0 0.0 10.3 17.2 0.5 0.0 0.0 0.0 18.0 100.0
Mixture Blend: Totals: ↕
0.0 0.0 50.8 0.0 0.0 9.7 16.2 0.5 0.0 0.0 0.0 17.9 100.0
Agg No. #7 #6 #5 #4 #3 #2 #1 MF FRAP #4 FRAP #3 RAS #2 FRAP #1 Aggregate Mixture Comp
Sieve Size Blend Spec
1" ( 25.0mm ) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100
3/4"( 19.0mm ) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100
1/2" (12.5mm ) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100 100
3/8" ( 9.5mm ) 100.0 94.0 94.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 97 90-100
No.4 (4.75mm ) 100.0 29.6 35.0 95.0 100.0 95.0 96.0 100.0 100.0 100.0 100.0 81.0 60 32-69
No.8 ( 2.36mm ) 100.0 5.8 7.0 69.0 100.0 69.0 77.0 100.0 100.0 100.0 100.0 56.0 35 32-52
No.16 ( 1.18mm ) 100.0 3.0 5.0 45.0 100.0 45.0 55.0 100.0 100.0 100.0 100.0 41.0 25 10-32
No.30 ( 600µm ) 100.0 2.4 5.0 27.0 100.0 27.0 33.0 100.0 100.0 100.0 100.0 30.0 17
No.50 ( 300µm ) 100.0 2.2 4.0 13.0 100.0 13.0 10.0 100.0 100.0 100.0 100.0 19.0 9 4-15
No.100 ( 150µm ) 100.0 2.0 4.0 6.0 100.0 6.0 2.0 100.0 100.0 100.0 100.0 13.0 6 3-10
No.200( 75µm ) 100.0 1.8 3.3 3.9 100.0 3.9 1.0 90.0 100.0 100.0 100.0 9.1 4.4 4-6
Bulk Sp Gr 1.000 2.618 2.645 2.577 1.000 2.567 2.593 2.850 2.927 2.801 2.300 2.630 2.626 Dust/AB
Absorption, % 1.00 2.10 2.10 2.70 1.00 2.60 1.40 1.00 1.00 1.00 1.00 1.00 1.65 Ratio
SP GR AB 1.035 0.74
DATA for N-int. 6 7500
AB, %MIX Gmb Gmm Voids (Pa) VMA VFA Vbe Pbe Pba 7.60
MIX 1 5.0 2.124 2.511 15.4 23.2 33.5 7.74 3.77 1.29
MIX 2 5.5 2.146 2.493 13.9 22.8 38.9 8.83 4.26 1.31
MIX 3 6.0 2.158 2.474 12.8 22.8 43.9 9.99 4.79 1.29
MIX 4 6.5 2.169 2.457 11.7 22.8 48.5 11.07 5.28 1.31 88.5
88.5
DATA for N-des. 50 1.00
Gmb Gmm Voids (Pa) VMA VFA Vbe Pbe Gse Pba
MIX 1 5.0 2.349 2.511 6.5 15.0 57.1 8.56 3.77 2.715 1.29
MIX 2 5.5 2.360 2.493 5.3 15.1 64.6 9.71 4.26 2.716 1.31 Additive Prod #
MIX 3 6.0 2.374 2.474 4.0 15.0 73.1 10.99 4.79 2.715 1.29 Additive Product Name
MIX 4 6.5 2.389 2.457 2.8 14.9 81.5 12.19 5.28 2.716 1.31 Additive %
OPTIMUM DESIGN DATA @ Ndes
GYRATIONS AB Gmb Gmm %VOIDS (Pa) VMA VFA Gse Gsb TSR RCY AB Virgin AB ABR
Target
50 6.0 2.374 2.473 4.0 15.0 73.4 2.715 2.626 1.00 1.0 5.1 15.8
REMARKS LINE 1 
REMARKS LINE 2 BITUMINOUS MIXTURE AGED 310 HOURS @ 1
CA Strip Rating











Table A.8: PM9 
 
Plant Bin # #7 #6 #5 #4 #3 #2 #1 MF RCY RCY RCY RAP #1 ASPHALT
Size 031CM16 022CM16 028FM20 027FA01 004FM01 017FM3800 10131
Source ( PROD # )
( NAME )
( LOC )
( ADD. INFO ) SBS PG  76-22 
0.0 0.0 0.0 5.8 < AB in RAP
Aggregate Blend: Plan PG Grade > PG 76-22
0.0 0.0 0.0 25.0 40.0 15.0 9.0 1.0 0.0 0.0 0.0 10.0 100.0
Mixture Blend: Totals: ↕
0.0 0.0 0.0 23.6 37.7 14.2 8.5 0.9 0.0 0.0 0.0 10.0 100.0
Agg No. #7 #6 #5 #4 #3 #2 #1 MF RCY RCY RCY RAP #1 Aggregate Mixture Comp
Sieve Size Blend Spec
1" ( 25.0mm ) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100
3/4"( 19.0mm ) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100
1/2" (12.5mm ) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100 100
3/8" ( 9.5mm ) 100.0 100.0 100.0 95.0 98.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 98 90-100
No.4 (4.75mm ) 100.0 100.0 100.0 37.0 45.0 100.0 85.0 100.0 100.0 100.0 100.0 88.0 60 32-69
No.8 ( 2.36mm ) 100.0 100.0 100.0 9.0 7.0 88.0 74.0 100.0 100.0 100.0 100.0 63.0 32 32-52
No.16 ( 1.18mm ) 100.0 100.0 100.0 4.0 3.5 60.0 54.0 100.0 100.0 100.0 100.0 44.0 22 10-32
No.30 ( 600µm ) 100.0 100.0 100.0 3.0 3.0 42.0 41.0 100.0 100.0 100.0 100.0 32.0 16
No.50 ( 300µm ) 100.0 100.0 100.0 2.0 2.0 29.0 13.0 99.0 100.0 100.0 100.0 19.0 10 4-15
No.100 ( 150µm ) 100.0 100.0 100.0 1.5 1.6 17.0 2.0 96.0 100.0 100.0 100.0 13.0 6 3-10
No.200( 75µm ) 100.0 100.0 100.0 1.0 1.4 6.4 0.8 88.0 100.0 100.0 100.0 10.0 3.7 4-6
Bulk Sp Gr 1.000 1.000 1.000 2.600 2.689 2.731 2.593 2.850 1.000 1.000 1.000 2.674 2.663 Dust/AB
Absorption, % 1.00 1.00 1.00 1.00 1.40 0.50 1.30 1.00 1.00 1.00 1.00 1.40 1.01 Ratio
SP GR AB 1.033 0.66
DATA for N-int. 7 20000
AB, %MIX Gmb Gmm Voids (Pa) VMA VFA Vbe Pbe Pba 2.30
MIX 1 5.0 2.155 2.518 14.4 23.1 37.6 8.70 4.17 0.87
MIX 2 5.5 2.150 2.505 14.2 23.7 40.2 9.51 4.57 0.98
MIX 3 6.0 2.170 2.489 12.8 23.4 45.2 10.59 5.04 1.02
MIX 4 6.5 2.167 2.472 12.3 23.9 48.4 11.58 5.52 1.05 150.1
167.8
DATA for N-des. 70 0.89
Gmb Gmm Voids (Pa) VMA VFA Vbe Pbe Gse Pba
MIX 1 5.0 2.386 2.518 5.2 14.9 64.8 9.63 4.17 2.724 0.87
MIX 2 5.5 2.394 2.505 4.4 15.1 70.6 10.59 4.57 2.732 0.98 Additive Prod #
MIX 3 6.0 2.410 2.489 3.2 14.9 78.8 11.76 5.04 2.735 1.02 Additive Product Name
MIX 4 6.5 2.428 2.472 1.8 14.8 87.9 12.97 5.52 2.737 1.05 Additive %
OPTIMUM DESIGN DATA @ Ndes
GYRATIONS AB Gmb Gmm %VOIDS (Pa) VMA VFA Gse Gsb TSR RCY AB Virgin AB ABR
Target
70 5.7 2.400 2.500 4.0 15.0 73.3 2.733 2.663 0.89 0.6 5.1 10.2
REMARKS LINE 1 
REMARKS LINE 2 BITUMINOUS MIXTURE AGED 1 HOURS @ 305
FA Strip Rating
CA Strip Rating










Table A.9: PM10 
 
Plant Bin # #7 #6 #5 #4 #3 #2 #1 MF RCY RCY RCY FRAP #1 ASPHALT
Size 032CM16 031CM16 039FM22 039FM20 037FM01 004MF01 017FM3800 10131
Source ( PROD # ) 51972-20 51550-07 51550-07 51550-07 51550-07 51052-04 2712-14 1757-05
( NAME ) Mining Int. Tri-Con Tri-Con Tri-Con Tri-Con Livingstone AAC Seneca Petro
( LOC ) Joliet Hennepin Hennepin Hennepin Hennepin Ocoya Peoria Lemont
( ADD. INFO ) SBS PG  76-22 
0.0 0.0 0.0 6.1 < AB in RAP
Aggregate Blend: Plan PG Grade > PG 76-22
0.0 0.0 26.0 26.0 11.0 18.0 7.0 2.0 0.0 0.0 0.0 10.0 100.0
Mixture Blend: Totals: ↕
0.0 0.0 24.4 24.4 10.3 16.9 6.6 1.9 0.0 0.0 0.0 10.0 100.0
Agg No. #7 #6 #5 #4 #3 #2 #1 MF RCY RCY RCY FRAP #1 Aggregate Mixture Comp
Sieve Size Blend Spec
1" ( 25.0mm ) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100
3/4"( 19.0mm ) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100
1/2" (12.5mm ) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100 100
3/8" ( 9.5mm ) 100.0 100.0 97.5 91.8 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 97 90-100
No.4 (4.75mm ) 100.0 100.0 31.1 23.5 94.0 97.3 99.8 100.0 100.0 100.0 100.0 87.8 60 32-69
No.8 ( 2.36mm ) 100.0 100.0 10.2 3.5 43.7 77.8 84.4 100.0 100.0 100.0 100.0 60.6 36 32-52
No.16 ( 1.18mm ) 100.0 100.0 7.2 1.7 10.9 55.5 59.4 100.0 100.0 100.0 100.0 39.2 24 10-32
No.30 ( 600µm ) 100.0 100.0 6.3 1.2 3.4 32.4 39.7 100.0 100.0 100.0 100.0 33.0 16
No.50 ( 300µm ) 100.0 100.0 5.8 1.1 1.9 16.2 15.0 100.0 100.0 100.0 100.0 22.2 10 4-15
No.100 ( 150µm ) 100.0 100.0 5.2 1.0 1.5 6.2 4.6 95.0 100.0 100.0 100.0 14.8 7 3-10
No.200( 75µm ) 100.0 100.0 4.2 0.9 1.3 3.5 1.6 85.0 100.0 100.0 100.0 10.7 5.0 4-6
Bulk Sp Gr 1.000 1.000 2.658 2.617 2.576 2.564 2.584 2.850 1.000 1.000 1.000 2.657 2.619 Dust/AB
Absorption, % 1.00 1.00 1.90 2.10 2.60 2.60 1.80 1.00 1.00 1.00 1.00 1.00 1.88 Ratio
SP GR AB 1.031 0.83
DATA for N-int. 6 20000
AB, %MIX Gmb Gmm Voids (Pa) VMA VFA Vbe Pbe Pba 4.10
MIX 1 5.5 2.132 2.482 14.1 23.1 38.9 9.00 4.35 1.22
MIX 2 6.0 2.138 2.463 13.2 23.3 43.3 10.06 4.85 1.22
MIX 3 6.5 2.147 2.444 12.2 23.4 48.0 11.20 5.38 1.20
MIX 4 7.0 2.153 2.430 11.4 23.6 51.6 12.15 5.82 1.27 123.4
128.6
DATA for N-des. 50 0.96
Gmb Gmm Voids (Pa) VMA VFA Vbe Pbe Gse Pba 1
MIX 1 5.5 2.354 2.482 5.2 15.1 65.7 9.93 4.35 2.703 1.22 1
MIX 2 6.0 2.364 2.463 4.0 15.2 73.5 11.12 4.85 2.703 1.22 Additive Prod #
MIX 3 6.5 2.379 2.444 2.7 15.1 82.4 12.41 5.38 2.701 1.20 Additive Product Name
MIX 4 7.0 2.389 2.430 1.7 15.2 88.9 13.49 5.82 2.706 1.27 Additive %
OPTIMUM DESIGN DATA @ Ndes
GYRATIONS AB Gmb Gmm %VOIDS (Pa) VMA VFA Gse Gsb TSR RCY AB Virgin AB ABR
Target
50 6.0 2.364 2.463 4.0 15.2 73.6 2.703 2.619 0.96 0.6 5.4 10.2
REMARKS LINE 1 
REMARKS LINE 2 BITUMINOUS MIXTURE AGED 1.5 HOURS @ 315F
FA Strip Rating
CA Strip Rating










Table A.10: PM11 
 
Plant Bin # #7 #6 #5 #4 #3 #2 #1 MF RCY RCY RCY FRAP #1 ASPHALT
Size 032CM16 031CM16 039FM22 039FM20 037FM01 004MF01 017FM3800 10126
Source ( PROD # ) 51972-20 51550-07 51550-07 51550-07 51550-07 51052-04 2712-14 1757-05
( NAME ) Mining Int. Tri-Con Tri-Con Tri-Con Tri-Con Livingstone AAC Seneca Petro
( LOC ) Joliet Hennepin Hennepin Hennepin Hennepin Ocoya Peoria Lemont
( ADD. INFO ) PG 58-28
0.0 0.0 0.0 6.1 < AB in RAP
Aggregate Blend: Plan PG Grade > PG 64-22
0.0 0.0 24.0 24.0 10.0 10.0 7.0 1.0 0.0 0.0 0.0 24.0 100.0
Mixture Blend: Totals: ↕
0.0 0.0 22.6 22.6 9.4 9.4 6.6 0.9 0.0 0.0 0.0 24.0 100.0
Agg No. #7 #6 #5 #4 #3 #2 #1 MF RCY RCY RCY FRAP #1 Aggregate Mixture Comp
Sieve Size Blend Spec
1" ( 25.0mm ) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100
3/4"( 19.0mm ) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100
1/2" (12.5mm ) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100 100
3/8" ( 9.5mm ) 100.0 100.0 97.5 91.8 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 97 90-100
No.4 (4.75mm ) 100.0 100.0 31.1 23.5 94.0 97.3 99.8 100.0 100.0 100.0 100.0 87.8 61 32-69
No.8 ( 2.36mm ) 100.0 100.0 10.2 3.5 43.7 77.8 84.4 100.0 100.0 100.0 100.0 60.6 37 32-52
No.16 ( 1.18mm ) 100.0 100.0 7.2 1.7 10.9 55.5 59.4 100.0 100.0 100.0 100.0 39.2 23 10-32
No.30 ( 600µm ) 100.0 100.0 6.3 1.2 3.4 32.4 39.7 100.0 100.0 100.0 100.0 33.0 17
No.50 ( 300µm ) 100.0 100.0 5.8 1.1 1.9 16.2 15.0 100.0 100.0 100.0 100.0 22.2 11 4-15
No.100 ( 150µm ) 100.0 100.0 5.2 1.0 1.5 6.2 4.6 95.0 100.0 100.0 100.0 14.8 7 3-10
No.200( 75µm ) 100.0 100.0 4.2 0.9 1.3 3.5 1.6 85.0 100.0 100.0 100.0 10.7 5.2 4-6
Bulk Sp Gr 1.000 1.000 2.658 2.617 2.576 2.564 2.584 2.850 1.000 1.000 1.000 2.657 2.626 Dust/AB
Absorption, % 1.00 1.00 1.90 2.10 2.60 2.60 1.80 1.00 1.00 1.00 1.00 1.00 1.65 Ratio
SP GR AB 1.031 0.87
DATA for N-int. 6 7500
AB, %MIX Gmb Gmm Voids (Pa) VMA VFA Vbe Pbe Pba 4.10
MIX 1 5.0 2.130 2.502 14.9 22.9 35.2 8.08 3.91 1.15
MIX 2 5.5 2.130 2.486 14.3 23.4 38.7 9.05 4.38 1.19
MIX 3 6.0 2.140 2.464 13.2 23.4 43.8 10.25 4.94 1.13
MIX 4 6.5 2.146 2.449 12.4 23.6 47.6 11.22 5.39 1.19 93.3
102.2
DATA for N-des. 50 0.91
Gmb Gmm Voids (Pa) VMA VFA Vbe Pbe Gse Pba 1
MIX 1 5.0 2.343 2.502 6.4 15.2 58.3 8.89 3.91 2.705 1.15 1
MIX 2 5.5 2.352 2.486 5.4 15.4 64.9 9.99 4.38 2.708 1.19 Additive Prod #
MIX 3 6.0 2.365 2.464 4.0 15.3 73.8 11.33 4.94 2.704 1.13 Additive Product Name
MIX 4 6.5 2.375 2.449 3.0 15.4 80.4 12.42 5.39 2.708 1.19 Additive %
OPTIMUM DESIGN DATA @ Ndes
GYRATIONS AB Gmb Gmm %VOIDS (Pa) VMA VFA Gse Gsb TSR RCY AB Virgin AB ABR
Target
50 6.0 2.365 2.464 4.0 15.4 73.9 2.704 2.626 0.91 1.5 4.5 24.5
REMARKS LINE 1 
REMARKS LINE 2 BITUMINOUS MIXTURE AGED 1.5 HOURS @ 315F
FA Strip Rating
CA Strip Rating














Table A.12: PM13 (SMA) 
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APPENDIX B: STATISTICAL ANALYSIS RAW DATA 
 
All the data used in the statistical analysis in Chapter 4 was presented here and organized 
as the following order. 
Table B.1: 1D/95C Data 
Table B.2: 5D/85C Data 
 
Here is the list of abbreviations used in Appendix B.1 & B.2. 
NMAS: Norminal Maximum Aggregate Size; 
VMA: Voids in Mineral Aggregate; 
AC: Asphalt Content by Mass (%); 
Virgin PG: Virgin Binder PG Grade; 
HighGrade: High Temperature PG Grade; 
LowGrade: Low Temperature PG Grade; 
ABR: Asphalt Binder Replacement (%); 
RAP: Aggregate Blend Percentage of Reclaimed Asphalt Pavement (%); 
RAS: Aggregate Blend Percentage of Reclaimed Asphalt Shingle (%); 
FI: Flexibility Index of Unaged Specimens; 
ENDFI: Flexibility Index of Aged Specimens; 
DesignRec: 0 for Dense Graded Mix, 1 for Stone Matrix Asphalt; 
Ab: Aggregate Blend Water Absorption (%); 
Pbe: Effective Asphalt Content by Mass (%); 




Table B.1: 1D/95C Data 
MixID NDesign NMAS VMA AC Virgin PG HighGrade LowGrade ABR RAP RAS FI ENDFI SMA/DG DesignRecodeAb Pbe Rate
PM1 70 9.5 15.2 5.9 64-22 64 22 20.7 24 0 4.1 1.08 DG 0 1.47 5 73.65854
PM2 90 9.5 15.1 6.2 70-22 70 22 9.2 11.1 0 16.32 6.8 DG 0 2.29 4.83 58.33333
PM3 90 9.5 15.2 6.2 70-22 70 22 9.6 12.4 0 12.79 8.12 DG 0 2.14 4.81 36.5129
PM5 70 9.5 15.5 6.1 58-28 58 28 20.3 25 0 12.48 8.52 DG 0 1.69 5.01 31.73077
PM6 70 9.5 15.7 6.2 64-28 64 28 7.9 10 0 7.37 6.5 DG 0 2.14 5.74 11.80461
PM7 80 9.5 16.4 6.4 70-28 70 28 30.2 14.1 3.9 7.4 8.03 SMA 1 0.85 5.65 -8.51351
PM8 50 9.5 15 6 70-22 70 22 15.8 18 0 15.02 8.58 DG 0 1.83 4.79 42.87617
PM9 70 9.5 15 5.7 76-28 76 28 10.2 10 0 10.62 8.9 DG 0 1.15 4.76 16.19586
PM10 50 9.5 15.2 6 76-22 76 22 10.2 10 0 7.6 4.1 DG 0 2.04 4.85 46.05263
PM11 50 9.5 15.4 6 58-28 58 28 24.5 24 0 4.64 3.07 DG 0 1.86 4.94 33.83621
PM12 70 9.5 15 6 70-28 70 28 30 14 3.5 4.82 4.06 DG 0 1.69 4.74 15.76763
PM13 80 12.5 17.3 6.3 70-28 70 28 26.7 14 4 11.29 10.6 SMA 1 0.73 5.7 6.111603
LM1 70 9.5 15.2 6.4 64-22 64 22 0 0 0 10.38 5.96 DG 0 2.40 4.71 42.58189
LM2 70 9.5 15.2 6.4 64-22 64 22 0 0 0 15.55 7.37 DG 0 2.40 4.71 52.6045
LM3 70 9.5 15.2 6.4 58-28 58 28 20 27.5 0 19.35 11.61 DG 0 2.03 4.93 40
LM4 70 9.5 15.2 6.4 58-28 58 28 20 27.5 0 17.18 10.99 DG 0 2.03 4.93 36.03027
LM5 70 9.5 15.2 6.4 58-28 58 28 20 27.5 0 22.46 15.3 DG 0 2.03 4.93 31.8789
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MixID NDesign NMAS VMA AC Virgin PG HighGrade LowGrade ABR RAP RAS FI ENDFI SMA/DG DesignRecodeAb Pbe Rate
ILPM1 50 9.5 15.4 6.2 58-28 58 28 23.4 30.5 0 8.43 4.49 DG 0 1.7997 4.96 46.73784
ILPM2 50 9.5 15 6.1 58-28 58 28 24.2 31.5 0 14.62 7.74 DG 0 1.951 4.77 47.05882
ILPM3 50 19 13.9 5 64-22 64 22 13.8 15 0 9.54 2.37 DG 0 1.5925 4.3 75.15723
ILPM4 80 9.5 17.5 6.1 70-28 70 28 29.5 12.8 5 10.33 6.64 SMA 1 1.3372 5.35 35.7212
ILPM5 50 9.5 15.1 5.7 64-22 64 22 9.9 10 0 18.445 9.01 DG 0 1.5955 4.92 51.15207
ILPM6 50 9.5 15.3 5.3 76-22 76 22 10 10 0 21.565 9.21 DG 0 1.2047 4.61 57.29191
ILPM7 70 9.5 15.8 6 58-28 58 28 30 34.3 0 15.94 10.43 DG 0 1.3119 5.25 34.56713
ILPM8 50 9.5 15.1 6.1 58-28 58 28 25.8 29.8 0 11.485 8.42 DG 0 1.632 4.86 26.68698
ILPM9 70 9.5 15.6 6.07 64-22 64 22 15.8 20 0 12.18 4.67 DG 0 1.976 5.03 61.65846
ILPM10 70 9.5 15.2 6.5 58-28 58 28 16.8 20 0 8.48 4.75 DG 0 2.0626 4.86 43.98585
ILPM11 70 9.5 15.6 6.1 58-28 58 28 23.8 31 0 22.61 15.14 DG 0 1.852 5.05 33.03848
ILPM12 90 9.5 15.4 6.1 64-22 64 22 19.5 24.8 0 4.92 1.51 DG 0 1.4376 5.2 69.30894
PM2 90 9.5 15.1 6.2 70-22 70 22 9.2 11.1 0 16.32 3.29 DG 0 2.2858 4.83 79.84069
PM3 90 9.5 15.2 6.2 70-22 70 22 9.6 12.4 0 12.79 2.78 DG 0 2.14249 4.81 78.26427
PM5 70 9.5 15.5 6.1 58-28 58 28 20.3 25 0 12.48 5.47 DG 0 1.693 5.01 56.16987
PM6 70 9.5 15.7 6.2 64-28 64 28 7.9 10 0 7.37 3.65 DG 0 2.142 5.74 50.4749
PM7 80 9.5 16.4 6.4 70-28 70 28 30.2 14.1 3.9 7.4 4.81 SMA 1 0.85 5.65 35
PM8 50 9.5 15 6 70-22 70 22 15.8 18 0 15.02 6.22 DG 0 1.8276 4.79 58.58855
PM9 70 9.5 15 5.7 76-28 76 28 10.2 10 0 10.62 5.72 DG 0 1.152 4.76 46.13936
PM10 50 9.5 15.2 6 76-22 76 22 10.2 10 0 7.6 3.2 DG 0 2.04 4.85 57.89474
PM11 50 9.5 15.4 6 58-28 58 28 24.5 24 0 4.64 2.2 DG 0 1.856 4.94 52.58621
PM12 70 9.5 15 6 70-28 70 28 30 14 3.5 4.82 2.66 DG 0 1.686 4.74 44.81328
PM13 80 12.5 17.3 6.3 70-28 70 28 26.7 14 4 11.29 5.99 SMA 1 0.7265 5.7 46.9442
LM1 70 9.5 15.2 6.4 64-22 64 22 0 0 0 10.38 4.65 DG 0 2.3959 4.71 55.20231
LM2 70 9.5 15.2 6.4 64-22 64 22 0 0 0 15.55 5.12 DG 0 2.3959 4.71 67.07395
LM3 70 9.5 15.2 6.4 58-28 58 28 20 27.5 0 19.35 7.26 DG 0 2.0345 4.93 62.48062
LM4 70 9.5 15.2 6.4 58-28 58 28 20 27.5 0 17.18 6.27 DG 0 2.0345 4.93 63.50407
LM5 70 9.5 15.2 6.4 58-28 58 28 20 27.5 0 22.46 8.08 DG 0 2.03 4.93 64.02493
